Bogia coconut syndrome (BCS) is one of the lethal yellowing (LY)-type diseases associated with phytoplasma presence that are seriously threatening coconut cultivation worldwide. It has recently emerged, and is rapidly spreading in northern parts of the island of New Guinea. BCS-associated phytoplasmas collected in different regions were compared in terms of 16S rRNA gene sequences, revealing high identity among them represented by strain BCS-Bo R . Comparative analysis of the 16S rRNA gene sequences revealed that BCS-Bo R shared less than a 97.5 % similarity with other species of 'Candidatus Phytoplasma', with a maximum value of 96.08 % (with strain LY; GenBank accession no. U18747). This result indicates the necessity and propriety of a novel taxon for BCS phytoplasmas according to the recommendations of the IRPCM. Phylogenetic analysis was also conducted on 16S rRNA gene sequences, resulting in a monophyletic cluster composed of BCS-Bo R and other LY-associated phytoplasmas. Other phytoplasmas on the island of New Guinea associated with banana wilt and arecanut yellow leaf diseases showed high similarities to BCS-Bo R and were closely related to BCS phytoplasmas.
'Candidatus Phytoplasma' spp. constitutes a group of uncultured plant pathogenic bacteria belonging to the class Mollicutes [1] . They are associated with diseases that cause various damaging symptoms such as yellowing, phyllody, stunting, dwarfism, proliferation, and witches'-broom in more than 1000 plant species worldwide [2] [3] [4] . Phytoplasma infection often results in plant decline or death and is accompanied by extensive yield losses [5] . Phytoplasmas are transmitted in a persistent manner by sap-sucking insects, such as leafhoppers, psylids, and planthoppers [6] . Due to the difficulty of culturing in vitro, phytoplasma taxonomy is based on genetic features. A summary of the rules for establishing novel taxa within 'Ca. Phytoplasma' is as follows: (a) phytoplasmas must have unique 16S rRNA gene sequences (<97.5 % similarity with any previously described species of 'Ca. Phytoplasma') to be described as novel taxa, or (b) phytoplasmas sharing >97.5 % similarity with other species of 'Ca. Phytoplasma' can be described as novel taxa, if there are clear differences in biological and genetic characteristics [1] . Currently, 43 taxa, including three that are provisional, of the genus 'Ca. Phytoplasma' have been reported (Table 1) .
Coconut palm (Cocos nucifera, family Arecaceae) and banana (Musa spp., family Musaceae) are important crops in the tropics. Several phytoplasmas have been reported to affect seriously coconut production by inducing lethal yellowing (LY)-type diseases worldwide (e.g. 'Ca. P. cocostanzaniae' in Tanzania, 'Ca. P. palmae' in the Caribbean region, and 'Ca. P. palmicola' in Nigeria and its neighbouring countries) [1, 7, 8] . In addition, coconut root wilt disease Abbreviations: AYL, arecanut yellow leaf; BCS, Bogia coconut syndrome; BW, banana wilt disease; BWAP, banana wilt associated phytoplasma; LY, lethal yellowing; PNG, Papua New Guinea. The GenBank/EMBL/DDBJ accession numbers for the 16S rRNA gene, secY, and rp operon nucleotide sequences from strain BCS-Bo R are LC228755, LC228769, and LC228762, respectively. The GenBank/EMBL/DDBJ accession numbers for the nucleotide sequences from the other strains used in this study are listed in Table S1 . Two supplementary tables are available with the online version of this article. associated with a phytoplasma related to 'Ca. P. oryzae' is a serious problem in India [9] . Several other phytoplasmas are also found in coconuts in other countries [10] [11] [12] . Phytoplasma diseases are not prevalent among banana plants, but 'Ca. P. asteris'-related phytoplasmas are reported to be associated with bunchy top-like disease in India [13] .
In 2008, a new phytoplasma disease was found at several coconut plantations in the Bogia district of the Madang province of Papua New Guinea (PNG), located on the northeastern side of the island of New Guinea [14] . This disease was called 'Bogia coconut syndrome' (BCS). At the early stage of BCS, premature green nut fall and leaf yellowing were observed (Fig. 1a, e and f) . Then, yellowing leaves died, rotted, hung down and fell to the ground (Fig. 1b) .
Eventually, collapse of the crown resulted in the death of the tree, leaving a leafless trunk that resembled a telephone pole (Fig. 1c, d ). Rapid spread of BCS from the Bogia district to the surrounding regions has become a very serious problem in PNG. Another survey found a new banana disease called 'banana wilt disease' (BW), associated with phytoplasma presence in PNG [15] . Characteristic symptoms of BW include deep yellowing with a tinge of orange on the leaves (Fig. 1g, h ). This was observed from the leaf edge, and often spread throughout the leaf (Fig. 1h) . The inside of the pseudostem composed of leaf sheaths was mostly white, but brown necrotic pockets were scattered irregularly (Fig. 1i) . While the similarities of partial 16S rRNA gene sequence between BCS phytoplasma and other known species of phytoplasma were approximately 96 %, at the maximum [14] , BCS phytoplasma and BW associated phytoplasma (BWAP) on the island of New Guinea shared almost identical partial 16S rRNA gene sequences [15] . These data suggest that these phytoplasmas are not related to any other species of 'Ca. Phytoplasma'. However, no report has been made characterizing and defining a novel taxon composed of these phytoplasmas on the island of New Guinea.
From 16 to 19 November 2015, diseased coconuts and bananas in the Madang province were collected, with the cooperation of the Cocoa Coconut Institute (CCI) ( Table S1 , available in the online version of this article). For coconuts, sawdust was obtained from barked trunks using a fire-sterilized drill. For bananas, pieces of the vein were sampled from the leaf blades. DNA was extracted from the plant samples using a modified version of a procedure that has been previously described [16] . The composition of the extraction buffer used in this study was as follows: 0.1 M Tris-HCl (pH 8.0), 1.4 M NaCI, 1 % (w/v) polyvinylpyrrolidone, 2 % (w/v) cetyl trimethyl ammonium bromide, 20 mM EDTA (pH 8.0) and 0.3 % (v/v) a-thioglycerol. After extraction with an equal volume of chloroform-isoamyl alcohol (24 : 1), precipitation with a 0.7 volume of isopropanol, and washing with 70 % (v/v) ethanol, the resulting pellet was dissolved in 100 µl distilled water and incubated with 10 µg RNase A (Nippon Gene) at 37 C for 2.5 h. Each sample was further purified using a NucleoSpin gDNA Cleanup kit (Takara Bio).
Phytoplasma 16S rRNA gene, secY, and rp operon were amplified by PCR using the primer sets listed in Table S2 . The DNA polymerase KOD FX (TOYOBO) was used and the procedures were conducted according to the manufacturer's protocol with the following modification; 25 µl of reaction mixture containing 10 ng of the template DNA was provided for each amplification. For secY and rp, nested PCR was conducted using 1 µl diluted (1/50) PCR product as a template. For each amplicon, sequencing was performed using a BigDye Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific) and the primers that were used for PCR (Table S2) .
DNA fragments of phytoplasma 16S rRNA gene were amplified from symptomatic coconuts (BCS-Bo R , BCS-G, and BCS-S) and bananas (BW-Ba, BW-Bo, BW-G, and BW-S), while no amplification was observed from asymptomatic plants, indicating that these symptoms were associated with phytoplasma presence.
SEQUENCE COMPARISON AND PHYLOGENETIC ANALYSIS OF THE 16S RRNA GENE
Pairwise identities of 16S rRNA gene sequences were calculated using SDT software (ver. 1.2) [17] . This analysis revealed that phytoplasmas found on the island of New Guinea in this and the previous studies [14, 15, 18] , including BCS phytoplasmas, BWAPs, and arecanut (Areca catechu) yellow leaf (AYL) phytoplasmas, share almost identical 16S rRNA gene sequences (Table S1 ). Therefore, the following analysis was conducted on strain BCS-Bo R , which was detected in coconuts (the firstly reported host) in the Bogia district (the firstly reported region), as a representative of these New Guinea phytoplasmas.
A phylogenetic tree of phytoplasma 16S rRNA gene sequences (Table 1) was reconstructed using the CLUSTAL W alignment program and the neighbor-joining algorithm from the MEGA 7 software package [19] . BCS-Bo R was closely related to the LY group phytoplasmas (Table 1) , and formed a monophyletic cluster with them, which represented a distinct lineage (Fig. 2) . The closest neighbour was LY (a strain commonly employed as the representative of 'Ca. P. palmae'), and the sequence identity between BCS-Bo R and LY was 96.08 % (Table 1) , which was lower than the 97.5 % proposed threshold to distinguish between two taxa of 'Candidatus Phytoplasma' [1] . The sequence similarities between BCS-Bo R and the other members of the LY group were as follows: 95.91 % with LD (a strain commonly employed as the representative of 'Ca. P. cocostanzaniae') and 95.20 % with LYDM-178 R (the reference strain of 'Ca. P. palmicola'). According to the recommendations of the IRPCM [1] , BCSBo R represents a novel taxon of the genus 'Ca. Phytoplasma' on the basis of unique 16S rRNA gene sequence properties. A novel species of candidatus, 'Candidatus Phytoplasma noviguineense' composed of BCS phytoplasmas was proposed, with BCS-Bo R as the reference strain, and BWAPs and AYL phytoplasmas in New Guinea as related strains (Table S1 ). Restriction fragment length polymorphism (RFLP)-based classification analysis was not performed in this study. This is because RFLP represents a very limited set of sequence information related to a few restriction sites and is much less informative than phylogenetic analysis.
DESCRIPTION OF 'CANDIDATUS PHYTOPLASMA NOVIGUINEENSE'
'Candidatus Phytoplasma noviguineense' (no.vi.gui.ne.en'se. N.L. neut. adj. noviguineense, referring to the island of New Guinea, where this phytoplasma was identified).
The reference strain is BCS-Bo R , detected from a coconut tree exhibiting BCS symptoms described above in the Bogia district of Madang province, PNG. 
ADDITIONAL DESCRIPTION OF OTHER FEATURES
The secY and rp sequences were also analyzed, and this is the first report of the secY sequence from New Guinea phytoplasma. Comparative analysis of partial rp operon (rps19- Table 1 ) corresponding to position 314-1324 of BCS-Bo R (LC228755) were aligned by the CLUSTAL W multiple alignment algorithm with a complete deletion option, and analyzed by the neighbor-joining method. Acholeplasma laidlawii strain PG8 (the type strain) was employed as the outgroup to root the tree. Bootstrap values 70 % obtained from 1000 replicates are shown above branches. Bar, phylogenetic distance of 1 %.
phytoplasmas and BWAPs share high genetic similarities in their genomes, supporting the relatedness of BWAPs to 'Ca. P. noviguineense'. BCS phytoplasmas, BWAPs, and AYL phytoplasmas have not been demonstrated to be biologically identical. Recently, however, field surveys have been conducted to identify the insect vectors of these phytoplasmas, and species from the families Delphacidae, Derbidae, Flatidae, Lophopidae, Pentatomidae, and Ricaniidae have been found to carry these phytoplasmas [20, 21] . Six taxa belonging to four families (Derbidae, Lophopidae, Flatidae, and Ricaniidae) have been suggested as possible vectors, as phytoplasmas were detected in their saliva [20] . In particular, Zophiuma pupillata (Lophopidae) were commonly caught in BCS-affected sites, and individuals collected from all three of the plant species were infected with phytoplasmas [21] . Considering the high proportion of phytoplasma-positive saliva, Z. pupillata is likely to be an important vector [20] . These data imply that the phytoplasmas present in New Guinea may have a complex life cycle involving at least three different crops (coconut, banana and arecanut palm), rather than ecologically separate life cycles in each of these host plant species. Future studies of transmission by these insects, and transmission trials between these plants, will provide definitive evidence of the degree of the biological similarities between phytoplasmas in New Guinea.
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